INTRODUCTION
I. While subjects lifted a variety of commonly handled objects of different shapes, weights, and densities, the isometric vertical lifting force opposing the object's weight was recorded from an analog weight scale, which was instrumented with high-stiffness strain gauge transducers.
2. The force output was scaled differently for the various objects from the first lift, before sensory information related to the object's weight was available. The force output was successfully specified from information in memory related to the weight of common objects, because only small changes in the force-rate profiles occurred across 10 consecutive lifts. This information was retrieved during a process related to visual identification of the target object.
3. The amount of practice necessary to appropriately scale the vertical lifting and grip (pinch) force was also studied when novel objects (equipped with force transducers at the grip surfaces) of different densities were encountered. The mass of a test object that subjects had not seen previously was adjusted to either 300 or 1,000 g by inserting an appropriate mass in the object's base without altering its appearance. This resulted in either a density that was in the range of most common objects ( 1.2 kg/ 1) or a density that was unusually high (4.0 kg/ 1).
4. Low vertical-lifting and grip-force rates were used initially with the high-density object, as if a lighter object had been expected. However, within the first few trials, the duration of the loading phase (period of isometric force increase before lift-off) was reduced by nearly 50% and the employed force-rate profiles were targeted for the weight of the object. The force scaling was still adapted to the object's weight when lifting the same object 24 h later.
5. In contrast, lifting a novel object with a more common density yielded stable loading phase durations and peak-force rates across consecutive trials, beginning with the first lift. Thus, for unfamiliar objects, subjects infer the object's weight assuming a default density that is within a range of commonly encountered densities and used in combination with size cues.
6. It is concluded that humans use anticipatory control to scale motor commands to the weight of familiar objects. The memory information is robust and can be retrieved through visual identification of the target object, and accurate memory representations related to the weight of novel objects develop quickly. Such anticipatory control is highly purposeful because it allows quick and accurate manipulation during everyday tasks that is not subject to limitations imposed by a strict dcpendcnce on "moment-to-momcnt" sensory feedback control.
Skilled manipulation of objects requires dampening the rate of isometric grip force and load force opposing the object's weight before the object is lifted from its support. Too much load or grip force may result in excessive vertical movement or damage to the object, respectively, whereas too little force may result in an unsuccessful lift (i.e., no lifting movement or dropping the object). The force rates are scaled in advance to match the object's weight on the basis of previous experience, i.e., an anticipatory control strategy is used because somatosensory information concerning the object's weight is unavailable before liftoff (Johansson and Westling 1988; cf. Johansson 199 1) . Such anticipatory control is also characterized by mainly unimodal force-rate profiles. These resemble the "continuous" or "bell-shaped" velocity profiles described for fast-programmed arm movements (Bizzi and Abend 1983; Brooks 1984) and for closure of the thumb and index finger in grasp (Cole and Abbs 1986; Darling et al. 1988) ) as well as the rate profiles obtained during programmed isometric contractions (Ghez 1979; Gordon and Ghez 1984) .
Parameter selection for the anticipatory scaling of fingertip forces according to an object's weight and friction in relation to the skin appears to rely substantially on memory representations of the object's physical properties acquired during previous lifts. Somatosensory experiences from single lifts with instrumented test objects strongly influence the subject's performance during subsequent lifts (Johansson and Westling 1984a , 1987 Westling and Johansson 1987) . Likewise, visually and haptically acquired size information is used to scale the grip-and lifting-force commands according to learned size-weight transformations, at least for the mostly boxlike test objects used in laboratory studies . These findings are consistent with those of other investigations, which show that internal models (memory representations) of the limb's mechanical properties and its behavior during the intended action are used for anticipatory scaling of motor commands during reaching and catching tasks (cf. Ghez et al. 1991; Lacquaniti et al. 1992) .
Memory representations for object weight used during lifting have been confirmed by studies in which instrumented test objects were lifted repeatedly, with intervals of < 1 min between successive lifts. The accuracy of memory representations for weight has not been determined for the 0022-3077/93 $2.00 Copyright 0 1993 The American Physiological Societybroad range of object sizes, shapes, and densities that are encountered during our everyday activities, when often the object is lifted only once. Under these conditions, it is unknown whether we rely on precise memory representations of weight for setting the force commands in advance or utilize crude estimates ofweight combined with somatosensory-based processes to control the lifting forces. For example, excessive forces could be avoided by employing muscle commands that slowly graduate the forces until the object is lifted from its support surface (i.e., a "probing strategy," Gordon et al. 199 1 b; Johansson and Westling 1988) , which is signaled to the CNS by characteristic discharges of tactile afferents .
In the present studies, we examined the accuracy of weight-related memory representations for objects that are commonly handled. Specifically, we examined the loading phases (periods of isometric force increase before lift-off) for lifts of several commonly encountered objects to determine whether the force rates initially are scaled differently for each object according to the object's weight. Because weight-related sensory information is unavailable until liftoff, a finding of object-specific force rates would indicate a priori weight-related representations for each object. We also examined the acquisition of weight-related representations in a second set of experiments with a "novel" object with a density that was either common or unusually high.
METHODS
Forty-six subjects (2 1-46 years), unaware of the purpose of the experiments, participated after giving their informed consent. Subjects sat in a chair and used the right hand to lift an object that rested on a steel table in front of them. The height ofthe table was adjusted such that the subject's upper arm was parallel to the body trunk, with the forearm approximately parallel to the floor when the object was grasped. Subjects were instructed to lift the object -2 cm from the table and to hold it steady for 5 s before replacing the object. The time between trials was 10 s.
L$s with common objects
Sixteen subjects (7 males, 9 females) performed a series of lifts with objects that are commonly handled in Sweden (Fig. 1A) : a packaged box of crispbread (270 g, density 0.2 kg/ l), a large (50 cl) unopened can of soft drink (520 g, density 1 kg/l), a crystal candle holder (820 g, density 3.3 kg/ I), and a local telephone book ( 1,280 g, density 0.5 kg/ 1). These objects were lifted from an analog weight scale ( 140 X 140 X 40 mm, Fig. 1 A ) that rested on the table. The scale was instrumented with high-stiffness (2,105 N/ m) strain gauge transducers that allowed continuous measurements of the vertical lifting force opposing the object's weight ("load force") until the object was displaced from the scale at the start of the vertical movement (DC 50 Hz). The objects were grasped between the tips of the thumb and two fingers (2nd and 3rd digit). Each subject performed 10 consecutive lifts with each object without prior practice. The presentation sequence of the objects was randomized across subjects. Subjects left the test room for > 15 min before beginning a lift series with a new object to reduce possible influences from previous lifts (cf. Gordon et al. 199 Ic; Johansson and Westling 1988) . During this period, most subjects returned to their office and j or laboratory work.
Lifts with a novel test object
The grip force perpendicular to the grip surface and the load force were continuously measured (DC 160 Hz) for similar lifts with a test object instrumented as previously described (cf. Johansson and Westling 1990) . It was novel in the sense that subjects had not seen it previously (Fig. 1 B) . The object's visual appearance was constant, but its density was either unusually high (4.0 kg/ I) or more common ( 1.2 kg/l). The mass of the object was altered (300 or 1,000 g) to achieve these densities by changing a lead weight concealed within the base of the object. The initiation of vertical movement was detected using a galvanic contact between the object and the steel table.
In one experiment. I6 sub,jccts (8 malts. 8 fcmaks) pcl-formed IO lifts without prior praclicc with the high-dcnsily ol~jccl ( I .OOO g). Twenty-four hours later they performed IO more trials with the same object. The same subjects returned on the third day, when the weight of the object had been changed to 300 g (density I .2 kg/ 1) without informing the subjects.
In another, similar, experiment, 14 different subjects (6 males, 8 females) lifted the 300-g novel object on the first 2 days and the 1,000-g object on the third day. This experiment thus began with an object of a lower, more common density.
Data acquisition and analysis
Signals from the test object and the analog weight scale were sampled with 12-bit resolution at 400 Hz using a flexible data acquisition and analysis system ("SC/ ZOOM," Department of Physiology, University of Umeb). The grip-force and load-force rates for the test object and the load-force rate for the analog weight scale were calculated as a function of time using a +6-point numerical differentiation (bandwidth: DC 22 Hz). The duration of the loading phase for lifts with the instrumented test object began at the point when the load force showed a consistent increase and continued until the galvanic contact between the object and the table was broken. When the common objects were lifted from the analog weight scale, the start of the loading phase was defined in the same manner and its end was defined as the point in time when the scale became unloaded. Measures of each independent variable (see RESULTS) were obtained for each trial ( l-10) of each experiment and were pooled across subjects. Friedman's twoway analysis of variance (ANOVA) (trials X subjects) was used to assess differences across trials. Wilcoxon matched-pairs tests were used to test differences between selected pairs oftrials. The level of probability selected as significant was P < 0.05. Unless otherwise noted, all values given in the text represent the mean +I SE for data pooled across subjects.
RESULTS

Lifts with common objects
Load force-rate profiles were examined when common objects, i.e., the crispbread, soft drink, crystal candle holder, and telephone book, were grasped and lifted. Subjects typically demonstrated force-rate profiles that were mostly unimodal, though not smooth ( Fig. 2A) . The peak load-force rate and the duration of the loading phase did not change substantially for each object as a function of practice over the 10 lifts ( Figs. 2A and 3 ). The average load-force rate during the loading phase also changed little across lifts for each object. These data indicate that the same strategy for applying load forces was used across trials. There were no statistically significant differences among the 10 lifting trials for the peak load-force rate or for the duration of the loading phase for the crispbread, soft drink, and book. Differences were observed in the duration of the loading phase for the crystal candle holder among the 10 trials (P < 0.01) due to a longer duration for the first few lifts (Fig. 3, top 
panels). Although weaker, this tendency
Subjects also adjusted the load-force rate to the weight of was also apparent for the book and soft drink. The peak the objects using peak rates of29.9 + 3.0,60.7 + 6.2,77.2 + load-force rate for the crystal candle holder tended to in-8.1, and 100.1 + 9.6 N/ s for the lightest to heaviest objects, crease with practice (Fig. 3, bottom panels), although this respectively (P -C 0.000 1, all trials pooled) (Fig. 4) . Except was not statistically significant.
for lifts with crispbread, there was a clear covariation beThe duration of the loading phase differed across the ob-tween the peak load-force rates and the loading phase durajects, averaging 219 + 9, 191 + 7, 245 ?I 10, and 289 f 6 tions (Fig. 4 , left dashed linear regression line) (cf. Johans-(SE) ms for the crispbread, soft drink, crystal candle holder, son and Westling 1988), again indicating that crispbread and book, respectively (P < 0.0001, all trials pooled for was handled with particular care. each object) (Fig. 4) . Thus it was graded by the weight of These object-specific load-force rates may indicate the object for the soft drink, crystal candle holder, and weight-related scaling of the lifting motor commands albook. The loading phase duration was longer for the crisp-ready during the first trial. This possibility was further exbread than for the soda, even though the weight ofthe crisp-plored by scrutinizing the load force-rate profiles on the bread was about half the weight of the soda, indicating that first lifting trial. Figure 2 B shows, for each object, the loadthe subject more carefully lifted the more fragile crispbread.
force rate versus load force for the first trial averaged across load force and load-force rate plotted as a function oftime for a subject repeating 10 lifts of the telephone book ( 1,280 g). Trial number is indicated at right. B and C: load-force rate as a function of load force for the 1 st lift (B) and 10th lift (C) averaged over I3 subjects. Each object is represented by separate traces. The plots were produced by measuring the instantaneous load-force rate present at each 0.5-N inarmenlin~ load .force for each subject separately and then plotting the means of these rate values across subjects. Dashed vertical lines: load force at lift-off of the object from the support surface (viz. weight scale) ~ FIG. 3. Loading phase duration and peak load-force rate (means -t SE) for each lift of each common object averaged across 13 subjects (3 subjects were excluded because they demonstrated Ioading phase durations that were several standard deviations longer than the population means).
subjects. The completion of the loading phase for each object is indicated by the dashed vertical lines. This marks the onset of each object's vertical ascent, and thus the earliest time at which reliable somatosensory information of object weight could have been obtained. Inspection of this figure reveals that subjects had achieved different load-force rates for each object (ordered from slowest to fastest according to the object's weight) already before the time at which the lightest object began its vertical ascent. This was confirmed statistically using the Page test for ordered alternatives (P < 0.0 1; Siegel and Castellan 1988) . Moreover, for all objects, the vertical motion began well after the force rate had begun to decrease before lift-off, indicating that the lift-off was anticipated. Plots of the load-force rate versus the load force for the tenth lift (Fig. 2C) showed the same weight-determined ordering as the data from the first trial (Fig. 2B) , but with slightly increased separation of the individual traces compared with the first lift. This observation is consistent with the data shown in Fig. 3 , which revealed some trends for adjusting the force output across the 10 lifting trials.
Lifts with a novel object
The evidence for memory representations used to provide lifting commands adapted to the weight of commonly handled objects raises the issue of the amount of practice necessary to establish such representations. We therefore examined the grip and load forces that were applied when two groups of subjects (n = 14 and y1 = 16) lifted a novel object of either an unusually high density (4 kg/ 1, weight 1 kg) or a more commonly encountered density ( 1.2 kg/ 1, weight 0.3 kg).
Unlike repeated lifts with the commonly handled objects, subjects markedly altered their lifting strategies as a result of practice when lifting the high-density object. This is shown for a single subject in Fig. 5 . At first, subjects concatenated small positive load-force "pulses" until lift-off, suggesting that they expected a lighter object (Johansson and Westling 1988) . In contrast, later trials were marked by higher force rates and rate profiles that were more unimodal in shape. The peak load-force rate increased steadily over the first three trials ( Fig. 6 ; P < 0.0001, 0.01, and 0.05 for trials 1-10, 2-10, and 3-10, respectively, but P > 0.05 for trials 4-10; Friedman's ANOVA). On the first lift, the average peak load-force rate was 35.6 + 3.6 N/s, and by fourth lift it had increased to 51.0 ris 3.0 N/s. At the tenth lift, it was 55.1 & 4.9 N/ s. Consequently, the average loading-phase duration was also longer initially (Fig. 6, top) ; this duration was nearly halved from the first to the fourth lift (8 11 rt 98 and 448 + 43 ms, respectively; P c 0.01, Wilcoxon matched-pairs test).
The grip force-rate profiles essentially paralleled those of the load force (Figs. 5 and 6 ), i.e., different grip-force rates were used across the 10 trials on the first day (P < 0.01, Friedman's ANOVA). Figure 6 also previous results, indicating that adaptation to a new weight takes place essentially after one lifting trial (Johansson and Westling 1988) . The unusually high density or the rather heavy weight of the test object in the present experiment may account for the difference. Therefore, subjects were asked to return on the third day to lift the object. which now weighed 0.3 kg (decreasing its density to 1.2 kg/ 1; Fig. 6 ). This change was implemented without altering the object's appearance and without notifying the subjects. As expected, on the first trial, the subjects demonstrated high peak load-and grip-force rates at object lift-off, as if the force output was erroneously programmed for the heavier weight. However, subjects soon adjusted to the new lighter weight. The peak load-force rate and grip force at lift-off were stable by the third lift (P < 0.000 1 for trials 1 -10, P < 0.05 for trials 2-10, whereas P > 0.05 for trials 3-10; both variables, Friedman's ANOVA). Differences were also seen across the 10 trials in the peak grip-force rate (P < 0.000 1; Friedman's ANOVA), but stabilized at the second lift (P > 0.05 for lifts 2-10). There were no significant differences in the loading phase durations. 6 . Peak grip and load-force rate, grip force at lift-off, and loading phase duration as a function of trial for day 1 and day 2 with the novel object's weight at 1,000 g, and day 3 with the weight at 300 g. Mean +SE shown for 12 subjects (2 subjects were excluded who demonstrated data values several standard deviations from the population mean for nearly all the Iills).
the relatively lower grip-force rates used on the first few lifts, the grip force at the time the object's vertical movement began was higher on the first lift than on the subsequent lifts (P < 0.01; Wilcoxon matched-pairs test for 1st vs. 2nd lift). This implies a higher grip-load force ratio for the first lift, and thereby a greater safety margin against slips.
In summary, a few trials of practice yielded shorter loading-phase durations, higher peak load-and grip-force rates, and lower grip forces at the time when vertical motion of the object began. It is unknown whether further changes would have occurred if more practice had been allowed.
On returning 24 h later (day 2), subjects lifted the same object, but in a manner indicating that the changes in grip and lifting-force behaviors that had evolved during the previous day were retained; that is, it was as if the object's weight had been learned. Indeed, there were no statistically significant changes across the 10 lifts for the loading phase duration (P > 0.05; Friedman's ANOVA) or peak loadforce rate (P > 0.05). However, some adjustments occurred in the employed grip-load force ratio; the grip force at object lift-off and the peak grip-force rate decreased across lifts (P < 0.000 1 and 0.05, respectively). One possible explanation for this gradual decrease in the employed grip-load force ratio is that it reflects adaptation to a slow increase in the friction between the object and the skin with time, e.g., an increased sweating rate (Johansson and Wes-~ . tling 1984b) . The number of trials required for the evolution of uniform lifting behaviors on the first day seemed at odds with . Thus, with a seemingly more common density ( 1.2 kg/ l), only one or two trials were needed to achieve an apparently stable representation of the object's weight for the programming of the isometric force output during the loading phase. This occurred despite the potentially disrupting influence of having lifted the "same object," but of a greater weight during the prior two days. Thus it seems plausible that adequate anticipatory scaling of lifting commands is more easily acquired for objects with a more commonly encountered density than for objects with an unusually high density.
As during lifts with the familiar objects, subjects varied both the peak load-force rates and the loading-phase durations for lifts with the novel objects, even during the tenth lift ( Fig. 4 ; right dashed linear regression line). However, as seen in Fig. 4 , lower rates and longer loading-phase durations were used compared with familiar objects of similar weights. This indicates that subjects chose to handle the novel objects more carefully than the more common ones.
To further address the issue of unusual densities, experiments were performed on a different group of subjects (n = 16) who began lifting the novel object with the more common (lower) density on the first 2 days before we surreptitiously switched to the higher density on the third day. In contrast to the first day's performance with the high-density object (Fig. 6) ) the loading-phase durations and peak loadforce rates were constant across the 10 trials of the first day, beginning with the first lift (Fig. 7) (P > 0.05 for both; Friedman's ANOVA).
However, subjects used a larger peak grip force and higher peak grip-force rate in the first trial (P < 0.001 and 0.05, respectively, for trials l-10, whereas P > 0.05 and 0.05 for trials 2-10). This behavioral pattern was virtually replicated on day 2, except that statistically significant differences across trials were observed only for the grip force at liftoff (P c 0.00 1; Friedman's ANOVA) due to a higher grip force on the first trial (Fig. 7) .
On the third day (density 4 kg/ 1), subjects performed the first lift using long loading-phase durations and low force rates similar to the initial behavior of the previous group of Peak grip and load-force rate, grip force at lift-off, and loading phase duration as a function of trial (mean *SE) for the subjects (n = 16) who lifted the novel object with a weight of 300 g on day 1 and day 2 and lifted the 1,000-g object on the 3rd day. subjects lifting the heavier object on the first day, i.e., the subjects behaved as if a lighter object were expected. However, apparently constant lifting patterns for the subsequent lifts were achieved within two or three trials. This was fewer than the number of trials subjects required when lifting the heavier object the first day. Statistically significant differences across the 10 trials were obtained for the loadingphase duration, peak load-force rate, and peak grip-force rate (P < 0.000 1 for each; Friedman's ANOVA). The values for these three variables on the second lifting trial, however, were not different from the subsequent lifts (Friedman's ANOVA; P > 0.05 for each variable for trials 2-10). Curiously, larger grip-force levels at object liftoff were not evident for the first few trials.
DISCUSSION
The present results indicate that motor commands used to lift commonly handled objects were scaled before the lifting movement on the basis of visual identification of the object and a fairly accurate estimate of the object's weight. This process resulted in suitable force commands during the first lift in the test series, before the availability of direct information about the object's weight. Force commands were subject to only small refinements on subsequent lifts. Rather than employing a "pulse height" control policy described previously for targeted, rapid isometric force production (Freund and Budingen 1978; Ghez and Vicario 1978; Gordon and Ghez 1987; ), subjects modified both the peak load-force rate and loadingphase duration to the object's weight (cf. Johansson and Westling 1988; see also Cord0 1987) . Likewise, during the lifting series with the novel object, subjects modified both of these parameters in parallel. However, the lifts with the unfamiliar objects were characterized by longer loadingphase durations and lower load-force rates compared with those used with the common objects. This was true even for the tenth lift, which suggests that the subjects treated the novel object more carefully than the more familiar objects. Interestingly, subjects also used rather low force rates and longer loading-phase durations for the crispbread, a fragile object with a rather low density. It is unknown whether further practice would yield loading-phase durations and load-force rates for the novel objects that approximate those used for the common objects. Despite this diflerence in strategy, the weights of novel objects are learned quickly, confirming previous experiments. These learned behaviors were repeated accurately after a 24-h delay, suggesting a robust memory representation.
Predictive control processes that utilize memory of relevant object characteristics for scaling motor commands appear critical for the control of motor tasks that involve interacting with objects (cf. Ghez et al. 199 1; Johansson and Cole 1992; Lacquaniti et al. 1992) . For instance, during grasping, the hand preshaping and transport before object contact are to a large extent affected by intrinsic object properties, such as visually based estimates of object size ("precision requirements"), perceived object fragility, and a variety of other constraints, such as instructions to the subject and distance (e.g., Gentilucci et al. 199 1; Jakobson and Goodale 199 1) . Likewise, Marteniuk et al. ( 1990) recently reported different accelerations and decelerations of the hand when reaching for various common objects. Nativ and Abbs ( 1989a,b) showed the importance of context effects on goal-directed reaching movements when they manipulated the inherent task meaning of objects to be grasped and moved.
When scaling the force output, subjects lifting novel objects in the present study apparently utilized a density estimate that was in the range of common densities as a default. This was evident from comparisons of the "error" exhibited on the first lifts of the novel object with the two different densities (cf. Figs. 6 and 7, day 1); several trials were required before the subjects adapted to the high-density condition (4.0 kg/ 1)) whereas only one trial yielded adaptation to the more common density ( 1.2 kg/ 1). One explanation would be that weight information for novel objects is annexed easily when densities are within the range of most commonly handled objects, but annexed less rapidly for objects with unusually high densities, and perhaps with unusually low density. Nevertheless, the force output apparently can be scaled for the weight of common objects of rather high density or weight, e.g., the crystal candle holder and telephone book in the common object experiment of the present study. However, it is possible that extreme densities cannot be managed at all without extensive practice, e.g., objects made of pure lead ( 11.3 kg/ 1) or styrofoam (e.g., co.03 kg/ 1). It is common experience that such uncommon objects feel surprisingly heavy or light until we have often encountered such materials.
Subjects more quickly accommodated the motor output to the high-density object when it was lifted on the third day than when it was introduced on the first day. This suggests
that the previous experience with the identically appearing .
but lower-density novel object during day 1 and day 2 enhanced the capacity to update the proposed weight-related memory representation of the object. The enhanced capacity may explain previous results in which the adaptation to I a new weight essentially takes place after only one lift (Johansson and Westling 1988) ; in these experiments, an object was lifted numerous times with the weight randomly varying between 200 g (low density) and 800 g (high density) from lift to lift. During lifts with the high-density novel object, subjects initially used a pattern of load and grip-force increase similar to the probing strategy used when a lighter object is mistakenly expected, i.e., a strategy probably triggered by the failure of the object to move at the expected load force (Gordon et al. 199 1 b; Johansson and Westling 1988) . This strategy implies that coordinated grip and lifting-force commands that yield low force rates are repeatedly issued until terminated on receipt of somatosensory signals that indicate the start of the vertical lifting movement . The probing strategy thus reduces dependence on memory at the expense of slower-paced lifting, but it prevents large positional overshooting during the lifting movement. This strategy may also be useful in updating the relevant memory systems to the actual weight.
The initial lifts of a novel object were characterized by a grip force that should have provided an increased safety margin against slips, regardless of whether the object was of a high density or a common density. This strategy may reflect another probing approach to lifting novel objects. Alternatively, it might reflect the anticipation of lower, but more common friction between the skin and the object than the sandpaper surface used for the novel object. Indeed, when the subject is expecting a more slippery condition, the safety margin to prevent slips is only partially adjusted on the first trial to the new, less slippery, frictional condition (Johansson and Westling 1984a, 1987) . A high safety margin persists during lifts lasting -lo-15 s, and the adaptation of the grip-load force ratio is not completed until the subsequent lift with the same surface structure.
The present findings strongly suggest that the memory information used to scale the force output when lifting common objects can be retrieved through visual identification of the target object. Accumulating evidence indicates that the neural substrates of visual control of object-oriented manual actions in humans are quite distinct from those underlying visual perception (Goodale and Milner 1992) . Patients with "visual form agnosia" may be unable to recognize the size, shape, and orientation of objects, but are able to accurately guide the arm movement and finger closure toward the same objects (Goodale et al. 199 1; Milner et al. 199 1) . A dissociation between perceiving objects and the operation of mechanisms controlling motor output parameters is also evident in our lifting task. When healthy adults lift objects equal in weight but not in size, they continually perceive smaller objects to be heavier, but USC a larger force output for larger objects (Gordon et al. 199 la) . Thus the operation of relating the object to the . information stored in memory needed for scaling the motor commands likely represents an automatic process dissociated from perception.
This operation may relate to a category of previously defined memory systems referred to as "procedural" memory (e.g., Squire 1986), which underlie changes in skilled motor performance. It may also involve "perceptual priming," which reflects a "perceptual representation system" that is conceived to interact closely with other forms of memory (Tulving and Schacter 1990) . Priming involves processing structural information related to physical objects, and functions to identify objects as structured wholes (Tulving and Schacter 1990) . Priming is thought to emerge early during development. This is supported by data indicating that even young children are capable of scaling the motor commands for an object's weight using visual size cues (Gordon et al. 1992 ).
It is not clear which CNS areas may store or represent weight-related information acquired during previous lifts. However, Smith and colleagues have recently provided evidence that the cerebellum contributes to the object-specific sensorimotor integration in monkeys trained to grasp, lift, and hold an object with a precision grip (Dugas and Smith 1992; Espinoza and Smith 1990) . The finding that the discharge rate in many Purkinje cells and unidentified neurons reflected the object's weight or friction suggests a cerebellar contribution to the parameterization of force coordination. These sensory-mediated effects can be observed not only during task execution, but also before the application of grip and load force, i.e., apparently reflecting anticipatory control pertaining to object weight and friction. Likewise, information relayed by peripheral afferents about load perturbations also contributes to the establishment of preparatory motor control strategies by the cerebellum (Dugas and Smith 1992) . Picard and Smith ( 1992) also reported that a significant number of neurons active in the hand area of the monkey motor cortex altered their discharge frequency as a function of the object's weight and texture. As expected, afferent activity generated during grasping, particularly of cutaneous origin, exerts a direct influence on motor cortical cells. However, some effects were apparently observed before the application of grip and load force, probably reflecting the effects of a memory representation for anticipatory parameter control for weight.
